In rats, incidences of hepatocellular adenomas and carcinomas significantly increased in the 400 and 800 ppm-exposed groups and in the 800 ppm-exposed group, respectively. The hepatocellular adenoma did not increase significantly in the 400 ppmexposed female rats, but its incidence exceeded a range of historical control data in the Japan Bioassay Research Center (JBRC). In mice, incidences of hepatocellular adenomas and carcinomas significantly increased in all the DMF-exposed groups. Incidence of hepatoblastomas significantly increased in the 200 and 400 ppm-exposed male mice, and 4 cases of hepatoblastomas in the 400 ppm-exposed female mice and the 800 ppm-exposed male mice exceeded the range of historical control data of the JBRC. Incidences of altered cell foci increased in the liver of exposed rats and mice in an exposure concentration-related manner, and those foci were causally related to the hepatocellular tumors. Liver weights increased in both rats and mice exposed to DMF at 200 ppm and above. Increased levels of γ-GTP, ALT, AST and total bilirubin in exposed rats of both sexes and AST and ALT in exposed mice of both sexes were noted. It was concluded that 2-yr inhalation exposure to DMF increased incidences of hepatocellular adenomas and carcinomas in rats and incidences of hepatocellular adenomas, carcinomas and hepatoblastomas in mice, and that hepatocarcinogenicity of DMF was more Received Feb 26, 2004; Accepted Sep 1, 2004 Correspondence to: H. Senoh, Japan Bioassay Research Center, Japan Industrial Safety and Health Association, 2445 Hirasawa, Hadano, Kanagawa 257-0015, Japan (e-mail: h-seno@jisha.or.jp) potent in mice than in rats.
N,N-dimethylformamide (DMF) has been widely used as an organic solvent for synthetic textiles, polyurethane and other synthetic leathers and as an intermediate in chemical manufacturing and in the pharmaceutical industry 1) . Annual production of DMF in Japan was reported to be 50,000 tons in 2002 2) . Workers were exposed through inhalation and dermal routes to vaporized DMF emanating from production lines of synthetic textiles. Occupational exposure of workers to concentrations of DMF in air were reported to range from 0.1 to 10.5 ppm in 16 textile manufacturing plants 3) , from 0.1 to 37.9 ppm in a synthetic fibers plant 4) and to be 2.62 ppm (GM) ± 5.30 (GSD) in 15 workshops of DMF industries 5) . Medical case reports of DMF-exposed workers [6] [7] [8] [9] [10] [11] [12] and experimental toxicology [13] [14] [15] in DMFexposed animals revealed that DMF-induced disorders were characterized by functional and histopathological changes in the liver. Some epidemiological investigations raised the hypothesis of an association between development of testicular cancer and exposure of workers to DMF [16] [17] [18] . The International Agency for Research on Cancer (IARC) originally evaluated DMF carcinogenicity as Group 2B (possible carcinogen to humans) in 1989 19) , but the IARC re-evaluated the carcinogenicity classification to Group 3 (not classifiable as to its carcinogenicity to humans) in 1999 20) . The revised evaluation by IARC was based on both human and animal carcinogenicity data: either no causal relationship between exposure of workers to DMF and cancer incidence corroborated by Chen et al. 21) and Walrath et al. 22) or evidence suggesting a lack of carcinogenicity of DMF in experimental animals in the report by Malley et al. 14) that no tumor was found in the liver of rats and mice after long term exposure to DMF vapor. The American Conference of Government Industrial Hygienists (ACGIH) recommended the DMF carcinogenicity as A4 (not classifiable as a human carcinogen) in 1994 23) but the Japan Society for Occupational Health (JSOH) has evaluated the DMF carcinogenicity as Group 2B (possibly carcinogenic to humans) 24) . The present study was intended to provide basic dose response data on rodent carcinogenicity and chronic toxicity of DMF to help make a health risk assessment of DMF-exposed workers. F344 rats and BDF 1 mice of both sexes were exposed by inhalation to DMF vapor at 0 (control), 200, 400 or 800 ppm (v/v) for 2 yr.
Materials and Methods
The present study was conducted with reference to the Organisation for Economic Co-operation and Development (OECD) Guideline for the Testing of Chemicals 453 Combined Chronic Toxicity/ Carcinogenicity Studies 25) and to conformity with the OECD Principles of Good Laboratory Practice 26) . The animals were cared for in accordance with Guide for the Care and Use of Laboratory Animals 27) and the present study was approved by the ethics committee of the Japan Bioassay Research Center (JBRC).
Chemical
DMF of reagent grade (greater than 99.8% purity) was obtained from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Each lot of DMF used in this study was analyzed for its stability and purity by gas chromatography and infrared spectrometry before and after its use. Neither decomposition products nor impurities were detected.
Animals
F344/DuCrj (SPF) rats and Crj:BDF 1 (SPF) mice of both sexes were obtained at 4 wk of age from Charles River Japan, Inc. (Kanagawa). The animals were quarantined and acclimated for 2 wk, and then divided by stratified randomization into 4 weight-matched groups, each consisting of 50 rats and 50 mice of each sex. The animals were housed individually in stainless-steel wire hanging cages in stainless steel inhalation exposure chambers maintained at a temperature of 23 ± 2°C and at a relative humidity of 55 ± 10% with 12 ± 1 air changes/ h. The air changes/h were reduced to 6 ± 0.5 during the 6-h exposure period. Fluorescent lighting was controlled automatically, to give a 12-h light/dark cycle. All rats and mice had free access to sterilized water and a γ-irradiation-sterilized commercial pellet diet (CRF-1, Oriental Yeast Co., Ltd., Tokyo, Japan).
Experimental design
Groups of 50 male and 50 female rats and mice were exposed to airflow containing DMF vapor at a target concentration of 200, 400 or 800 ppm for 6 h (10:00-16:00)/d, 5 d/wk and for 104 wk (2 yr). The high exposure concentration of 800 ppm was predicted not to reduce the normal lifespan of the animals except for the result of neoplastic development, on the basis of our previous finding that 13-wk inhalation exposure to 800 ppm of rats and mice of both sexes did not induce any death or life-threatening disorder 15) . Selection of the high exposure concentration of 800 ppm was based on the results of our previous 13-wk toxicity study 15) showing that inhalation exposure of rats and mice of both sexes to 800 ppm did not induce any death or life-threatening disorder. Therefore, the exposure to 800 ppm was predicted not to reduce the normal lifespan of the animals except for the result of tumor development. The report by Malley et al. 14) that no tumor was induced in the rats and mice after long term exposure by inhalation to 400 ppm DMF vapor was also considered for selection of the high exposure concentration. Groups of 50 rats and 50 mice of both sexes, serving as respective controls, were handled in the same manner as the DMF-exposed groups, but these were exposed to clean air.
Exposure to DMF
The methods for generating the airflow containing DMF vapors at 200, 400 or 800 ppm and supplying the airflow to the inhalation exposure chamber have been described in detail in the previous paper 15) . The concentration of DMF vapor in the exposure chamber was maintained constant at 200.8 ± 4.9 (mean ± SD), 399.9 ± 12.5 or 800.3 ± 26.1 ppm for exposure of rats, and at 201.7 ± 5.2, 397.8 ± 7.8 or 790.6 ± 18.3 ppm for exposure of mice throughout the 2-yr exposure period. Four inhalation exposure chambers of 7,600 liters in volume for rats and 4 inhalation exposure chambers of 3,700 liters for mice were used. Each chamber accommodated 100 individual cages for 50 males and 50 females of either rats or mice, and the male and female rats or mice were exposed to the same concentration of DMF vapor.
Clinical observations and analysis, and pathological examinations
The animals were observed daily for clinical signs and mortality. The animals were weighed and their food consumption was measured weekly for the first 13 wk and every 4 wk thereafter. All the animals received complete necropsy. At the time of terminal necropsy, hematological and blood biochemical parameters in all surviving animals were measured in blood samples taken under etherization, after an overnight fast, and the organs of the animals were removed, weighed and examined. The tissues for microscopic examination were fixed in 10% neutral buffered formalin and embedded in paraffin.
Tissue sections 5 µm thick were prepared and stained with hematoxylin and eosin (H & E).
Statistical analysis
Incidences of non-neoplastic lesions were analyzed by Chi-square Test. Incidences of neoplastic lesions were statistically analyzed with Peto's Test 28) and Fisher's Exact Test. Body weight, food consumption, and hematological and blood biochemical parameters were analyzed by Dunnett's Test. The method for application of the statistical tests to those data was given in detail in the previous paper 29) .
Results

Rat Study Survival, Body Weight, Food Consumption and Clinical Sign
Three 800 ppm-exposed male rats and thirteen 800 ppm-exposed female rats died of centrilobular necrosis of the liver, within the first 13 wk and 21 wk, respectively. Survival rates of any DMF-exposed male rat groups were not significantly different from that of the male control ( Fig. 1 and Table 1 ). But after the 9th wk, the survival rate of the 800 ppm-exposed female group significantly decreased compared with the female control. Early deaths occurred more frequently in the 800 ppm-exposed female group than in the 800 ppm-exposed male group (Fig. 1) .
Growth rates of all the DMF-exposed rat groups were suppressed in an exposure concentration-dependent manner (Fig. 2) . Body weights of the 400 and 800 ppmexposed male and female groups decreased by more than 10%, compared with the respective controls ( Table 1) . A significant decrease in food consumption was observed only in the 800 ppm-exposed female group, compared with the respective control (data not shown). No overt clinical sign was observed in any DMF-exposed group (data not shown).
Liver Weight and Pathology
Relative liver weights significantly increased in all the DMF-exposed groups, but absolute liver weights significantly increased in both 200 and 800 ppm-exposed groups more than in their respective controls (Table 1) . Except for the liver weights, no consistent, dose-related change in absolute or relative organ weights were found in any DMF-exposed rat group.
Gross observations included red zones or accentuated lobular structure in the liver of the 800 ppm-exposed groups of both sexes that died within the first 21 wk. Multiple occurrences of white or brown nodules in the liver of the 800 ppm-exposed groups of both sexes were observed at the time of terminal necropsy.
Two-yr exposure of rats to DMF vapor induced hepatocellular adenomas and carcinomas in an exposure concentration-related manner, as indicated by a significant positive trend in Peto's Test (Table 2) . Incidences of hepatocellular adenomas significantly increased in the 400 and 800 ppm-exposed male rat groups and in the 800 ppm-exposed female group. The incidence of hepatocellular carcinomas significantly increased in the 800 ppm-exposed groups of both sexes. Although 6 cases of hepatocellular adenoma in the 400 ppm-exposed female rats were not statistically significant, the tumor incidence (12%) exceeded a range of historical control data for hepatocellular adenoma in the JBRC (12 cases [1.3%] in 898 female rats in eighteen 2-yr carcinogenicity studies with a maximum incidence of 6.1%). Multiple occurrences of hepatocellular tumors were found in the liver of DMF-exposed rats, in contrast to the occurrence of a single tumor in the liver of the control group. The hepatocellular adenoma was characterized by spherically shaped nodules of hepatocytes without normal lobular architecture, which compressed adjacent hepatic parenchyma. The hepatocellular carcinoma ( Fig.  3 ) was composed of solid sheets of hepatocytes or trabeculae which were three or more cell layers thick. In particular, many hepatocellular carcinomas in DMFexposed males comprised small tumor cells with little cytoplasm and spindle-shaped and hyperchromatic nuclei. Three 800 ppm-exposed male rats and one 800 ppmexposed female rat died of hepatocellular tumors. The hepatocellular carcinoma first occurred in the 91st wk in a 400 ppm-exposed male rat and in the 101st wk in an 800 ppm-exposed female rat. Almost all the hepatocellular tumors in DMF-exposed rats were found at the time of terminal necropsy. Neither DMF-related neoplastic nor non-neoplastic lesions were found in any other organ except the liver.
In the DMF-exposed male rat groups (Table 2) , 2-yr exposure to DMF significantly increased incidences of spongiosis hepatis at 200 ppm and above; clear cell foci and eosinophilic cell foci at 400 ppm and above; and basophilic cell foci, mixed cell foci and vacuolated cell foci at 800 ppm. In the DMF-exposed female groups, increased incidences of the clear cell foci and the eosinophilic cell foci were observed at 200 ppm and above and 400 ppm and above, respectively. Blood Biochemistry Table 3 shows mean serum levels of blood biochemical parameters for the DMF-exposed rats. AST, ALT, γ-GTP, total bilirubin, LDH, ALP, CPK, total cholesterol and phospholipid increased in the DMF-exposed rats. The increased AST and ALT are indicative of liver injury, and increased cholesterol and phospholipid levels suggest altered lipid metabolism. Slightly increased BUN, Fig. 3 . Hepatocellular carcinoma in a female rat exposed to DMF vapor at 800 ppm for 2 yr (H&E stain). indicative of kidney damage, was observed, although no accompanying histopathological changes in the kidney were found.
Mouse Study Survival, Body Weight, Food Consumption and Clinical Sign
There were no significant difference in survival rate between any DMF-exposed mouse groups and their respective controls but the survival rate of the 800 ppmexposed female mice decreased marginally but not significantly after the 78th wk, because of the development of liver tumors (Fig. 4 and Table 1 ). Deaths of the DMF-exposed mice were attributed to liver tumors, because 2 male and 14 female mice exposed to 800 ppm, 6 male and 7 female mice exposed to 400 ppm, and 4 male and 4 female mice exposed to 200 ppm died of hepatocellular tumors, before the end of the 2-yr exposure period.
Growth rates for any DMF-exposed mouse groups were suppressed in an exposure concentration-dependent manner (Fig. 5) . Body weights of all the DMF-exposed male and the 800 ppm-exposed female groups decreased by more than 10%, compared with the respective controls (Table 1) . Body weight of the 800 ppm-exposed female mice decreased by more than 10%, compared with the respective control, about the 62nd wk, when the deaths due to liver tumor started to occur (Figs. 4 and 5) . Food consumption did not decrease in any DMF-exposed group more than in their respective control (data not shown). No overt clinical sign was observed in any DMF-exposed group.
Liver Weight and Pathology
Both the relative and absolute liver weights significantly increased in all the DMF-exposed groups (Table 1 ). Gross observations included multiple occurrences of white, brown or red nodules in the liver of almost all the DMF-exposed groups of both sexes. Except for liver weight, no consistent, dose-related change in absolute or relative organ weight were found in any DMF-exposed mouse groups.
Incidences of hepatocellular adenomas and carcinomas significantly increased in all the DMF-exposed mouse groups, in an exposure concentration-related manner, as indicated by a significant positive trend by Peto's Test (Table 4 ). The incidence of rare hepatoblastomas (Fig.  6 ) significantly increased in the male groups exposed to 200 and 400 ppm. Four cases of hepatoblastomas each were found in the 800 ppm-exposed male mice and the 400 ppm-exposed female mice, and those statistically nonsignificant incidences of hepatoblastomas (8%) exceeded the range of the JBRC's historical control data for hepatoblastoma (2 cases in 897 male mice with a maximum incidence of 2.0% and no case in 899 female mice in eighteen 2-yr carcinogenicity studies). Multiple occurrences of hepatocellular adenomas and carcinomas were found in the liver of DMF-exposed mice, and the tumor tissues often occupied almost all areas of the entire liver. The hepatocellular adenoma found in mice had the same features as the one found in rats. The hepatocellular carcinoma found in mice was characterized by marked cellular pleomorphism, including the advent of large and irregular-shaped tumor cells and pseudo-glandular and papillary-like structures associated with sinusoidal dilatation. Although the hepatoblastoma was thought to have the same cellular origin as the hepatocellular adenoma and carcinoma, the affected tissue of the hepatoblastoma was composed of smaller, more markedly basophilic, denser in cellularity and more elongated cells than normal hepatocytes. The hepatoblastoma was also characterized by organoid structures which were lined by vascular cavities. Sixteen and 3 cases of hepatoblastomas found in the DMF-exposed male and female mice, respectively, were seen within the hepatocellular adenoma or carcinoma. A single diagnosis of hepatoblastoma, rather than two diagnoses (the hepatoblastoma and the hepatocellular neoplasm) was used in those cases, according to the IARC classification 30) . Hepatocellular tumors appeared earlier in the DMF-exposed mice than in rats, and much earlier in the DMF-exposed female mice than in male mice (Tables 2 and 4) .
Incidences of clear cell foci and eosnophilic cell foci significantly increased in all the DMF-exposed male mouse groups, and incidence of eosinophilic cell foci significantly increased in all the DMF-exposed female groups. Incidences of centrilobular hypertrophy (Fig. 7) significantly increased in all the DMF-exposed male groups and in the 200 and 800 ppm-exposed female groups. Incidences of nuclear atypia (Fig.7) significantly increased in all the DMF-exposed male groups and in the 800 ppm-exposed female group. Almost all the centrilobular hypertrophy was accompanied by nuclear atypia. Incidences of single cell necrosis and inflammatory cell nests significantly increased in all the DMF-exposed male groups, whereas the incidences of single cell necrosis significantly decreased only in the 400 ppm-exposed female group, and that of inflammatory cell nests significantly decreased in the 200 and 400 ppmexposed female groups. Neither neoplastic nor nonneoplastic lesions were observed in any other organ, except for the liver of the DMF-exposed mice. Table 5 shows mean serum levels of blood biochemical parameters for the DMF-exposed mice. AST, ALT, LDH, ALP, CPK, total protein, albumin and total bilirubin and total cholesterol increased in the DMF-exposed mice. The increased levels of AST and ALT were indicative of liver damage, and the increased levels of total cholesterol suggested altered lipid metabolism. Slightly increased BUN, indicative of kidney damage, was observed, although no accompanying histopathological changes were found in the kidney.
Blood Biochemistry
Discussion
It was found in the present study that 2-yr inhalation exposure to DMF vapor significantly increased incidences of hepatocellular adenomas and carcinomas in the rats of both sexes and incidences of hepatocellular adenomas, carcinomas and hepatoblastomas in the mice of both sexes, and that the incidences of hepatocellular adenomas and carcinomas increased in an exposure concentrationrelated manner. Notably, incidences of altered cell foci, known as a proliferative and pre-neoplastic lesion of the liver 31) , also significantly increased in the liver of DMFexposed rats and mice of both sexes.
These results seem to be in sharp contrast with the findings of Malley et al. 14) of the lack of carcinogenicity of DMF in rats and mice. A principal difference was that we observed the significantly increased incidences of hepatocellular tumors in the rats exposed to 400 ppm and in the mice exposed to 200 and 400 ppm, whereas in the Malley study, the long-term inhalation exposure of rats and mice to 25, 100 and 400 ppm DMF did not induce any neoplasm. The difference may be attributed to the strain of animals used: we used F344/DuCrj rats and Crj:BDF 1 mice, whereas Malley et al. used Crl:CD rats and Crl:CD-1(ICR) mice. Two-yr inhalation exposure of F344 rats to 400 ppm resulted in induction of preneoplastic, proliferative lesions of altered cell foci of the liver and the benign hepatocellular tumor in this study, whereas in the Malley study, 2-yr inhalation exposure of CD rats to the same level of 400 ppm did not induce any tumor but altered cell foci. Two-yr exposure of BDF 1 mice to DMF at 200 ppm and above significantly increased incidences of benign and malignant hepatocellular tumors in this study, whereas 1.5-yr exposure of CD-1 mice to DMF at 25, 100 and 200 ppm did not cause a compound-related increase in the tumors in the Malley study. These different results for BDF 1 mice and CD-1 mice may be due to the difference in duration of inhalation exposure to DMF: 2-yr in this study and 1.5 yr in the Malley study. The 1.5-yr exposure of CD-1 mice to DMF may be rather too short to significantly increase the incidence of the hepatocellular tumors, because in this study a discernible decline in survival rates of the 400 ppm-and 800 ppm-exposed female mice resulting from malignant hepatocellular tumors occurred after the 78th wk (1.5 yr).
The selection of high exposure concentration of 800 ppm was based on the growth rate retardation and subchronic toxicity in the previous 13-wk inhalation study 15) . As a result of the 2-yr study, no significant decrease in the survival rate was observed in the mice of both sexes and male rats exposed to 800 ppm DMF. According to a criterion of the maximum tolerated dose (MTD) [32] [33] [34] , the rationality for the selection of 800 ppm for female rats seems to be questioned, because the 2-yr survival rate of the 800 ppm-exposed female rats was significantly decreased by early deaths due to liver necrosis. The greater than 10% decrease in the terminal body weight of all the 800 ppm-exposed groups of rats and mice, which apparently did not meet another MTD criterion [32] [33] [34] , was attributed to excessive weight loss resulting from development of the liver tumors at the later period in 2-yr exposure. Bannash et al. 32) and Haseman 34) argued that the recommendation regarding the 10% decrease in the body weight gain is empirical, however, and if exceeded in practice does not necessarily invalidate the 2-yr carcinogenicity bioassay results. Therefore, we considered that the 2-yr exposure to 800 ppm did not exceed the MTD for mice of both sexes and male rats but not for female rats. Instead, the present finding that the incidence (12%) of hepatocellular adenomas in the 400 ppm-exposed female rats exceeded the upper range of JBRC historical control data revealed occurrence of the same benign liver tumor in an exposure concentration lower than 800 ppm, suggestive of valid extrapolation of the DMF-induced carcinogenicity to lower dose levels. The JBRC inhalation exposure system in which the male and female rats inhaled up to 800 ppm DMF in the same exposure chamber caused the MTD to be exceeded for female rats, because enhanced susceptibility of female rats to DMF hepatotoxicity more than that of males could not be predicted from the toxicity examined in the previous 13-wk inhalation toxicity study 15) . Some species differences in hepatocellular tumors were found in the present study. The incidences of mouse hepatocellular adenomas and carcinomas were significantly increased at all the exposure concentrations, but no significant increase in the incidences of the hepatocellular tumors was observed in the rats of either sex exposed to 200 ppm. Hepatoblastomas occurred only in the male and female mice exposed to DMF. Deaths due to hepatocellular tumors occurred earlier and more frequently in mice than in rats. The present findings revealed that hepatocarcinogenicity of DMF was more potent in mice than in rats. As to the sex difference, male rats and mice were more sensitive to the DMFinduced hepatocarcinogenicity than female rats and mice for the following reasons. First, the hepatocellular tumors occurred more frequently and at lower exposure level in male rats than in female rats. Second, the hepatoblastoma occurred more frequently in male mice than in female mice, but there was no sex difference in the combined incidences of the hepatocellular tumors between male and female mice.
In conclusion, 2-yr inhalation exposure to DMF vapor increased incidences of benign and malignant neoplasms in two rodent species, hepatocellular adenomas and carcinomas in F344 rats and hepatocellular adenomas and carcinomas and hepatoblastomas in BDF 1 mice. The exposure to 800 ppm exceeded the MTD only for female rats, but the incidence of hepatocellular adenomas in the 400 ppm-exposed female rats was increased to more than the upper range of the JBRC historical data. Hepatocarcinogenicity of DMF was more potent in mice than in rats. Significantly increased incidences of preneoplastic lesions of altered cell foci were observed in the liver of DMF-exposed rats and mice.
